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Abstract 
Coupling effects of roll motion and fluid resonance between twin rectangular barges subjected to incident waves normal to the 
spanwise of the narrow gap are investigated employing a two-dimensional numerical wave flume based on a CFD package 
OpenFOAM. The governing equations for the fluid flow are the Navier-Stokes equations of incompressible Newtonian fluid. The 
interface between water and air phases is captured by a VOF (volume of fluid) method. The fluid-structure interaction (FSI) is 
treated with moving meshes in the Arbitrary Lagrangian-Eulerian frame. The present numerical model is validated against wave 
generation and propagation over a flat bed and the decay of a free rolling rectangular barge in still water. The comparisons with 
available numerical results show that the present numerical wave flume works well. It is then used to investigate the roll response 
of the twin floating barges in proximity. The numerical results of this work show that the resonant frequency of the fluid 
oscillation in the narrow gap between twin rolling barges is smaller than that between twin fixed barges. However, the resonant 
wave height in the gap between twin rolling barges is observed to be in the same magnitude as that between twin fixed barges. 
Moreover, the present numerical results indicate that the maximum rolling amplitudes of the twin barges are close to each other, 
and they appear at the same resonant frequency of the fluid oscillation in the narrow gap. At the low frequency band, the 
amplitude of the rear barge is larger than that of the leading one. Otherwise, in the frequency band higher than the resonant 
conditions, the leading barge has a larger response. The present numerical solutions also suggest that the twin barges roll in anti-
phase. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of The Chinese Society of Theoretical and Applied Mechanics (CSTAM). 
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1. Introduction 
Floating structures in proximity is often found in the ocean engineering, for example, the offloading of oil and 
gas from an FPSO (Floating Production Storage and Offloading) to an oil tank or LNG (Liquid Natural Gas) ship. 
The large amplitude fluid resonance can be observed in the narrow gap formed by the closely spaced structures 
when the incident wave frequency is close to the natural frequency of the fluid confined by the gap. As the floating 
structures are long enough and the incident waves are normal to the floating structures, a two-dimensional 
assumption can be made for the purpose of convenience. By further assuming that the floating structures are fixed, 
the wave-induced fluid resonance in the narrow gap has been extensively studied, including theoretical analysis 
[1,2], laboratory tests [3,4] and numerical simulations [5-8]. However, the motions of floating structures in practice 
will threaten the safety of field operations. Kristiansen et al. [9] studied the fluid resonance in a narrow gap between 
a ship and a terminal by two-dimensional physical experiments and numerical simulations. The ship is allowed to 
move in three degrees of freedom, namely, sway, heave and roll. Their investigations indicate that the fluid 
resonance with maximum wave height occurs when the sway motions are towards the terminal and the heave 
motions are downwards the terminal simultaneously.  
The fluid resonance in a narrow gap between two rolling floating bodies received scarce attentions. The main 
purpose of this work is to examine the coupling effects of roll motion and fluid resonance under water waves. The 
contents are organized as follows. The numerical model developed in this work is briefly described in Section 2. 
Numerical validations are presented in Section 3. The numerical results of coupling fluid resonance and roll motions 
of the twin floating barges are investigated in Section 4. Finally, the conclusions of this work are drawn in Section 5. 
2. Numerical model 
The present numerical wave flume is based on the OpenFOAM package, in which the governing equations of the 
fluid flow are the Navier-Stokes equations for incompressible Newtonian fluid, and the interface between water and 
air phases is captured by the volume of fluid (VOF) [10] method. Because the functional modules of wave 
generation and wave absorption are absent in the OpenFOAM package, the momentum equation is modified in order 
to satisfy the requirements of wave simulations. In this work, a source function is introduced into the momentum 
equation to generate desirable waves [11] while an artificial damping term is applied to reduce wave reflecting 
[12,13]. Accordingly, the governing equations can be modified as follows,  
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where ρ is the fluid density, U the fluid velocity, p the fluid pressure, μ the fluid dynamic viscosity, fσ the surface 
tension, S the source function used for wave generation, Θ the artificial damping term and Um is the velocity of 
moving mesh motion in the context of the Arbitrary Lagrangian-Eulerian (ALE) method to deal with the fluid and 
structure interactions. The roll motions of floating barges are described by  
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where I is the moment of inertia, ζ the roll angle, Mw the fluid torque and MG the gravity torque. 
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3. Numerical validations 
3.1. Linear wave generation and propagation over flat bed 
The physical parameters used for the numerical validations are: the water depth h = 0.5 m, wave height H0 = 
0.024 m and wave period T=1.189 s. The time-series of the wave profile measured by a numerical wave gauge 
11.975 m away from the center of the source region is shown in Fig.1, compared with the theoretical solutions. 
Good agreements is obtained, which indicate that the present numerical wave flume is able to correctly simulate the 
free surface problem of wave propagation. 
3.2. Free roll decay of a rectangular barge 
To further validate the FSI algorithm, the free roll decay of a rectangular barge is simulated. In accordance to the 
numerical simulation [14] and physical experiments [15], the parameters are set to be as follows. The width and 
height of the barge are 0.3 m and 0.2 m, respectively. The water depth is 0.9m and the draft of the barge is 0.05 m. 
The barge rotates with respect to its center of gravity, which is located at the still water level. The rotational inertia 
of the barge is I=0.236 kgm2. The development of the roll angles with time is compared with the previous numerical 
results and experimental data in Fig.2. It is shown that the present numerical model works well.  
 
Fig. 1. Comparisons of time series of wave profiles between present 
numerical results and analytical solutions. 
 
Fig. 2. Comparisons of roll angles between present numerical results 
and available data [14,15]. 
 
Fig. 3. Sketch of coupling roll motion and fluid resonance in narrow gap. 
4. Numerical results and discussions 
Employing the present numerical model, the roll motion coupling fluid resonance in the gap between twin barges 
is simulated. The numerical set-up and computational parameters are shown in Fig.3. The roll moment of inertia of 
each barge is 0.861 kgm2 and their rotation centers coincide with their geometry centers. The twin barges are 
initially placed in still water and the width of the gap between them is 0.05 m. In this work, the roll direction along 
the clockwise is defined as positive. The water depth and incident wave height are fixed as h=0.5 m and H0=0.024 m, 
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respectively. The period of the incident wave varies from 1.00 s to 1.43 s, which leads 25 cases with different wave 
frequencies to be simulated in total. 
4.1. Wave amplitude of fluid in narrow gap 
The variations of the non-dimensional averaging wave amplitude Hg/H0 in the gap between the twin rolling 
barges with non-dimensional wave number kh are shown in Fig.4. In order to demonstrate the influence of roll 
motions on the fluid oscillation in the narrow gap, the numerical simulations for the twin fixed barges are also 
conducted. For the purpose of comparisons, the available experimental data [3] for the same twin fixed barges are 
included in Fig.4 as well.  
 
Fig. 4. Wave amplitudes between rolling and fixed barges. 
 
Fig. 5. Fluid resonance and roll motions. 
Fig.4 shows that the resonant wave amplitude in the gap between twin rolling barges is almost identical to that 
between twin fixed barges, indicating that the roll motions have little influence on the resonant wave amplitude of 
the fluid oscillation in the narrow gap. The observed resonant wave amplitudes for both numerical cases are Hg/H0Ĭ
5, which are the same as the experimental observation. However, the present numerical examinations show that the 
resonant frequency of the fluid oscillation in the narrow gap between the twin rolling barges decreases compared 
with the case of fixed barges. The resonant frequency for rolling barges is identified at kh=1.3963 while it is 
kh=1.5559 for the twin fixed barges. In addition, compared with the fixed barges, much faster increase of the wave 
amplitude for rolling barges is found as the incident wave frequency approaches the resonant condition.  
4.2. Roll responses of twin barges 
The variation of the maximum roll amplitudes of the twin barges ζg/H0 with the incident wave number kh is 
plotted in Fig.5. Comparing with the wave motion in the narrow gap, the overall variation of roll responses is found 
to be in a similar tendency. The maximum roll amplitudes of the twin rolling barges appear at the same resonant 
frequency (kh=1.3963), which is also the previously identified resonant condition of the fluid oscillation in the 
narrow gap between the twin rolling barges. The maximum roll amplitudes of the twin barges are also found close to 
each other when resonant. However, at the low frequency band the maximum amplitude of Barge 2 (the rear barge) 
is larger than that of Barge 1 (the leading barge). Otherwise at the high frequency band greater than the resonant 
frequency, the maximum amplitude of Barge 1 becomes larger. 
The numerical simulations of this work indicate that the time-series of the roll motions of the twin barges are 
exactly oscillatory with respect to their equilibrium positions, respectively. Fig.6 shows the equilibrium positions of 
the twin rolling barges in the whole wave numbers considered in this work. The maximum of the mean deflections 
appears again at the resonant condition kh=1.3963. It is also shown that the equilibrium positions of the two barges 
are antisymmetric with respect to the initial equilibrium positions. That means the Barge 1 presents a mean rotation 
in an anti-clockwise while the Barge 2 behaves in clockwise. At extremely low and high frequencies, the mean 
positions return to the initial vertical direction. 
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5. Conclusions 
A numerical wave flume is proposed in this work by employing the flow solver OpenFOAM package and further 
developing the necessary functional modules of wave generation and wave absorption. After convincing numerical 
validations, the present numerical model is used to investigate the fluid resonance in the narrow gap subject to water 
waves. Compared with previous examinations, the roll motions of the twin floating barges are considered and the 
influence of roll motions on the fluid resonance is presented. It is found that the roll motions of the twin barges 
decrease the resonant frequency of the fluid oscillation in the narrow gap, while they have little influence on the 
resonant amplitude in the narrow gap. The maximum roll amplitudes of the floating barges are identified to appear 
at the same resonant frequency of the fluid oscillation in the narrow gap between the twin rolling barges. Anti-phase 
roll motions are observed for the two closely spaced barges, and the maximum equilibrium positions of the roll 
motions are also observed at the resonant frequency of the fluid oscillation in the narrow gap. 
 
Fig. 6. Equilibrium positions of two rolling barges. 
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